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Abstract 

In this study, our objective is to evaluate the potential of a novel Sorafenib derivative, named HLC-080, as a new anticancer 
agent for colon cancer. We firstly carried out MTT assay, colony formation assay, flow cytometry analysis and transwell 
invasion assay to determine effect of our compound HLC-080 on cell viability, anti-proliferation activity, cell cycle arrest and 
the intervention on cell invasion, respectively. On the other hand, in vivo antitumor activity of HLC-080 was also tested using 
H22 xenograft model and the angiogenesis effect of HLC-080 was measured by EA.hy926 tube formation assay. The 
expression levels of various proteins in HLC-080 treated with HT-29 cell lines were examined using Western blot and ELISA 
experiments. The results showed that HLC-080 could dramatically inhibit the growth and colony formation of various tumor 
cells, therefore exhibited remarkable antitumor activity. HLC-080 can induce cell cycle arrest at G1 phase in HT-29 cells and 
subsequently inhibit the invasive potential of colon cancer cells. HLC-080 also exhibits anti-angiogenesis effect in EA.hy926 
model. Additionally, the in vivo study showed that HLC-080 was able to reduced the tumor weight with the rate of 35.81%. 
And at the concentration of 0.352±0.034 u.M, HLC-080 is able to reduce half of the regular protein level of p-c-Raf (Ser259), 
consequently block Raf/MEK/ERK signaling in HT-29 cell lines. In conclusion, our study suggests that Sorafenib derivative 
HLC-080 has the potential to inhibit cell proliferation and angiogenesis, Since, HLC-080 is particularly active against human 
colon cancer cells, our study highlights that HLC-080 and its related analogues may serve as a new anti-cancer drug, 
particularly against colon cancer. 
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Introduction 

Colon cancer is reported as the third highest incidence and 
mortality among all types of cancers in the western world [1,2]. In 
China, colon cancer is ranked 3rd in mortality amongst all 
cancers. [3]. Rencently, due to the change of the dietary habits 
and lifestyle of the Chinese people, the rate of colon cancer has 
increased rapidly [4]. However, the treatment of colon cancer is 
challenging and little process in colon cancer therapy was 
developed over the past decades [5]. Chemotherapy of colon 
cancer still relies on a few general front-line anticancer drugs. 
However it was hard for these drugs to reach a satisfactory result 
[6,7] . Certain cytotoxic agents, such as 5-Fluorouracil (5-FU) and 
capecitabine, were used as an adjuvant agent in the combination 
therapy of colon cancer [8] . Other commercial anticancer drugs 
that target vascular endothelial growth factor (VEGF) (Bevacizu- 
mab) and epidermal growth factor receptor (EFGR) (Cetuximab) 
also show little benefit to metastatic colon cancer. Furthermore, 
the treatment of bevacizumab and cetuximab even shows the 
trends towards worse outcomes [8]. Therefore, there is an urgent 
need to develop more effective and specific anti-colon cancer 
drugs. Recent studies shows that the inhibitors of PI3 kinase, c-Raf 
or other signaling pathways are effective against colon cancer cells, 
and hence shows the potential of being clinical anti-colon cancer 
drugs [5,6,8]. 



Sorafenib (Nexavar) (Figure 1) is an oral anti-cancer drug that 
targets multiple kinases. Previous study showed that Sorafenib 
could blocks the growth of solid tumors mostly through the 
interruption of the Ras/Raf/MEK/ERK signaling cascade [9- 
14]. Moreover, it is also reported that Sorafenib targets several 
other receptor tyrosine kinases, including c-Raf, vascular endo- 
thelial growth factor receptor2 (VEGFR2), platelet-derived growth 
factor receptor (PDGFR), FLT3, and c-Kit [10,15,16]. These may 
explain the broad preclinical activity of Sorafenib across tumor 
types and imply its clinical activity in anti-tumor treatment. 
Currently, Sorafenib has been approved for clinically use in 
hepatocellular carcinoma (HCC) and renal carcinoma. Notably, 
reported phase III studies showed a clear survival benefit in late 
stage HCC patients [14,17]. Preclinical studies suggest that 
Sorafenib is also effective in other types of cancer cells such as 
non-small cell lung cancer and pancreatic cancer [10]. Both in vivo 
and in vitro studies suggest that Sorafenib inhibits tumor growth 
and disrupts tumor microvasculature through anti-proliferative 
and anti-angiogenic effects [8,10,14,18]. Notably, angiogenesis is a 
very important factor for colon cancer growth [19-21]. Clinical 
studies also report the anti-tumor efficacy of Sorafenib in 
combination with other anti-cancer drugs, such as, irinotecan 
and rapamycin, for the treatment of colon cancer [2]. Therefore, it 
is promising to further develop Sorafenib derivatives which could 
enhance the anti-colon cancer effet of Sorafenib. 
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Figure 1. The chemical structure of Sorafenib and HLC-080. 
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In this study, we are very interested to develop a new series of 
Sorafenib derivatives as a novel anti-colon cancer drug. The 
chemistry modification of Sorafenib has leaded to a new series of 
compounds with the enhanced antitumor activities and improved 
physiological properties. Our in vivo and in vitro screening of this 
series of Sorafenib derivatives shows HLC-080 (Figure 1) with an 
interesting in vitro anti-tumor activity. Therefore, HLC-080 is 
selected for further evaluation as a new anti-tumor candidate in 
colon cancer. We also tried to explain the possible mode of action 
of HLC-080 against colon cancer in order to support further drug 
development of Sorafenib derivatives being as novel anti-colon 
cancer drugs. 

Materials and Methods 

Materials 

A novel diaryl urea derivative bearing sulfonamide moiety had 
been designed and synthesized based on the structure of sorafenib, 
which was named HLC-080. The synthetic procedure of HLC- 
080 was published in the journal of Sci China Chem [44]. Both 
HLC-080 and Sorafenib were prepared in our chemistry lab with 
the purity >97% (HPLC). For in vitro experiments, both 
compounds were dissolved in dimethyl sulfoxide (DMSO) and 
stored at 4°C for use. The vehicle (DMSO) was used as control in 
all experiments at a final concentration of 0.1%. For in vivo 
experiments, HLC-080 and Sorafenib were suspended in 0.5% 
carboxymethyl cellulose sodium (CMC-Na) in various concentra- 
tions. 

Cell culture 

U251 and SHSY-5Y are human glioblastoma cell lines, HepG2, 
Bel7402 and SMMC-7721 are human hepatocellular carcinoma 
cell lines, HT-29, HCT-8 and HCT-1 16 are human colon cancer 
cell lines, MGC803 and BGC823 are human gastric carcinoma 
cell lines, A549 is human lung adenocarcinoma cell line, A2780 is 
human ovarian cancer cell line and HELF is human embryonic 
lung fibroblast. All of these cell lines were obtained from Institute 
of Basic Medical Science (IBMS) of CAMS & PUMC. 
Ketr3 [39,40] (human renal cell carcinoma) and EA.hy926 (human 
endothelial cell line) is purchased from American type culture 
collection (ATCC). All cells were cultured in DMEM or DMEM/ 
F12 medium (Invitrogen) supplemented with 10% fetal bovine 
serum (Gibco, USA), 100 IU/mL penicillin, and 100 u,g/mL 
streptomycin in a humidified incubator containing 5% CO2 at 
37°C. 



Cell viability assay 

2000 cells were seeded in a 96-well plate for 24 h. The cells 
were treated with various concentrations of compounds. After 
another 96 h of incubation, the MTT assay was performed to 
evaluate the cell viability. Each well was added with 200 uL of a 
0.5 mg/mL solution of MTT (Sigma, USA) in incomplete 
medium. The plates were incubated in 37°C, 5% CO2 for 
another 4 h. The medium was carefully removed from each well 
and 200 uL of DMSO was added. The plates were gently mixed 
and read under microplate reader at OD570/OD450. Microsoft 
Excel 2010 was used for data analysis. Media-only treated cells 
served as the indicator of 100% cell viability. The 50% inhibitory 
concentration (IC 50 ) was defined as the concentration that reduced 
the absorbance of the untreated wells by 50% as compared with 
the control cells. Each assay was performed in triplicate. 

Evaluation of anti-tumor effects in H22 xenograft model 

CD-I mice (males, 6-8 weeks old) were purchased from Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, China) 
and housed in controlled environment at 25°C on a 12-h light/ 
dark cycle. All animal protocols are conformed to the Guidelines 
for the Care and Use of Laboratory Animals approved by the 
Animal Care and Use Committee of Chinese Academy of Medical 
Sciences and Peking Union Medical College. H22 (Murine liver 
cancer) cells were harvested and washed three times with normal 
saline. The cells were counted and diluted to 5x10 cells/ ml. CD- 
1 mice were subcutaneously implanted with 0.2 ml cell dilution on 
the right flank. Twenty-four hours after inoculation, CD-I mice 
were randomly divided into 5 groups. Drugs were continuously 
administrated p.o. for 8 days, once a day. One group received p.o 
of 0.5% CMC-Na as a model control. Drug groups involved 
Sorafenib and HLC-080 at 0.15 mmol/kg and 0.30 mmol/kg, 
continuously were administrated p.o. for 8 days, once a day. At the 
end of the treatment period, the mice were dead and the tumors 
were excised and weighted. The inhibition rate (IR) of tumor 
growth was calculated by the following formula: IR (%) = [(A-B)/ 
A]/ 100, where A is the average tumor weight of the model group, 
and B is that of the treatment group. 

Colony formation of colon cancer cells 

Colon cancer cells were seeded in 6-well plate and diluted to 
200 cells/well in cell culture media. After 24 h, cells were treated 
with different concentrations of drugs. After 14 days of incubation, 
colonies were produced and stained with Giemsa solution and 
counted each well. All samples were run in triplicate. 

Flow cytometry analysis 

Cells were incubated with either Sorafenib, HLC-080 or 
DMSO (control) for 96 h. Then, the cells were washed twice 
with ice-cold phosphate buffered saline (PBS), harvested, fixed 
with ice-cold PBS in 70% ethanol, and stored at -20°C for 2 h. 
After fixation, the cells were incubated with RNase A (Sigma), 
stained with propidium iodide (Sigma) for 30 min in the dark. 
DNA content was analyzed by flow cytometric analysis. 

In vitro invasion assay 

For the invasion assay, 1 x 1 0 cells suspended in 1 ml of 
DMEM containing 0. 1 % BSA. The cells were seeded into the 
upper compartment (Costar) coated polycarbonate filter with a 
pore size of 8.0 |J,m in a 24-well plate. Each polycarbonate filter 
had been coated with 10 uL of 0.5% matrigel (Becton Dickinson, 
USA) before adding cells. DMEM medium (600 |J.L) containing 
10% fetal bovine serum was added to the lower compartment as a 
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chemo attractant. After 24 h of incubation at 37°C in 5% C0 2 , 
90% relative humidity, the non-invasive cells presented on the 
upper surface of the filter were removed using a sterile cotton 
swab. The cells that migrated through the matrigel onto the lower 
surface of the filter were fixed and stained with HE stain at room 
temperature. The lower surface of the filter was photographed to 
compare the number of invasive cells. The five visual fields were 
photographed in every membrane (x200), The nuclear-stained 
cells were manually counted. All samples were run in triplicate. 

In vitro angiogenesis assay 

The formation of capillary tube-like structures by EA.hy926 
cells was analyzed on a 96-well cell culture plate coated with 
matrigel. The matrigel was thawed at 4°C overnight. 60 uL of pre- 
cooled matrigel was transferred to a 96-well plate and allowed it to 
solidify at 37°C for at least 1 h. Cells were seeded on the 
polymerized matrigel (3xl0 3 cells/ml). Dilute HLC-080 to be 
tested to required concentration in cell culture media. Incubate at 
37°C, 5% C0 2 for 6 to 24 h. 

Endothelial cells tube size and numbers were observed under 
microscope and photographed for each well (x200). Any increase 
or decrease in the formation of tubes in the test wells as compared 
to control wells could be identified if the compound has an 
angiogenic effect or not. 

Western blot analysis 

Cells were seeded and incubated at 5% C0 2 , 37°C overnight. 
Test compounds were added and incubated for another 2 h or 
72 h at 5% C0 2 , 37°C. HT-29 cells total lysates were prepared by 
RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X- 
100, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate) with 
protease inhibitor cocktails (Amresco, USA). Lysates containing 
50 ug protein were used for Western blotting each sample. For 
western blot analysis, samples were separated on a 8%— 10% SDS- 
PAGE gel, and transferred to a polyvinyldine diflouride mem- 
brane (Immobilon, Millipore, USA) by semi-wet electrophoresis. 
After blocking with TBST (0.1% Tween 20 in TBS) containing 
5% nonfat milk, membranes were incubated with primary 
antibody [rabbit anti-p-c-Raf (Ser259), c-Raf, p-MEKl/2 
(Ser217/221), MEK1/2, p-ERKl/2 (Thr202/Tyr204), ERK1/ 
2, mouse anti-fS-Actin] (CST) overnight at 4 °C. After three 
washings with TBST, the samples were detected with horseradish 
peroxidase-conjugated anti-rabbit or anti-mouse IgG (Santa 
Cruz), and developed using an ECL Western blot detection and 
analysis system (Applygen Technologies Inc.). Membranes were 
tested for equal loading by probing for actin. 

Enzyme-linked immunosorbent assay (ELISA) 

Cells were seeded and incubated at 5% C02, 37°C overnight. 
Different concentrations of test compounds were added and 
incubated for another 2 h at 5% C02, 37°C. Whole-cell lysates of 
HT-29 cells were prepared by RIPA buffer, and subjected to 
ELISA analysis. 

Microwell plates (COSTAR) were coated with capture antibody 
in coating buffer (100 |iL/well). After overnight incubation at 4°C, 
the coated wells were washed three times with washing buffer and 
blocked at 37°C for 1 h by adding 100 uL of 2% BSA diluted in 
0. 1 % Tween 20 in PBS. After a further washing procedure, 
100 uL of standard dilutions and samples were added and the 
plate incubated for 1 h at 37°C. After washing three times, HRP- 
conjugated secondary antibody was added to the wells and the 
plates were incubated for 1 h exactly. After a final washing step 
bound antibodies were detected by the addition of 100 uL of TMB 
(Thermo 1-Step Ultra TMB). After 15 min the reaction was 



stopped with 100 uL 2 mol/L H 2 S0 4 (sulphuric acid). Optical 
density (OD) was measured at 450 nm within 30 minutes. 

Statistical analysis 

Data are expressed as the mean ± standard deviation. 
Statistical analysis of the results was performed using Student's 
t-test. P-values less than 0.05 were considered significant. 

Results 

Growth inhibition of HLC-080 and Sorafenib towards 
various cancer cells 

The inhibitory effects of HLC-080 and Sorafenib on the 
proliferation of cancer cells were evaluated by MTT assay. In 
total, 13 types of cancer cell lines were tested (Table 1). In general, 
HLC-080 is more active against all the tested cancer cell lines 
compared to the mother compound Sorafenib. HLC-080 can 
inhibit the proliferation of Ketr3, HT-29, HCT-8, HCT-116, 
HepG2, SMMC-7721 at a moderate micromolar concentration, 
with IC50 values of 7.96, 1.83, 5.53, 5.66, 4.10, 7.48 uM 
respectively. Human colon cancer cells HT-29, HCT-8, HCT- 
1 16 were found to be more sensitive to HLC-080 than Sorafenib. 
Notably, the inhibitory effect of HLC-080 on HT-29 cell 
proliferation is about 5-fold higher than that of Sorafenib. 
Moreover, HLC-080 could inhibit the proliferation of HELF 
normal lung cells with IC50 values of 23.77 uM, which was 10- 
fold higher than that of colon cancer cells, indicating that HLC- 
080 was a selective inhibitor. 

In addition, both HLC-080 and Sorafenib show time-dependent 
effect on cell proliferation in HT-29 cell line (Figure 2A). After 
12 h of the incubation, 2.5 U.M HLC-080 is constantly more active 
against the HT-29 cells than the same dose of Sorafenib at all 
measured time points. 

On the other hand, we confirm the higher anti-proliferation 
effect of HLC-080 in colon cancer cells than Sorafenib by using 
colony formation experiments. Results shows EC 5 o of Sorafenib 
on HT-29, HCT-8, HCT-116 cell lines were 3.96, 11.87 and 
11.23 uM, respectively. In contrast, the EC 50 to HLC-080 were 
0.91, 2.21 and 2.23 uM respectively (Figure 2B). Therefore, HLC- 
080 exhibits around 4 to 5 folds more active antitumor effects in 
colon cancer cell lines. 

In vivo antitumor activity of HLC-080 and Sorafenib in 
mice H22 xenograft model 

Since HLC-080 and Sorafenib showed anti-proliferation 
activities against colon cancer cell lines from in vitro studies, we 
further screened their in vivo anti-tumor activities in mice. H22 
HCC xenograft model was employed to evaluate the general in vivo 
anti-tumor activity of our compound HLC-080. The facility and 
stability of the H22 tumor model made it one of the most 
commonest used tumor models in anti-tumor research [28,29]. 
Our results presented that both HLC-080 and Sorafenib could 
inhibit the tumor growth on H22 xenografts model. Both of them 
caused tumor regression compared to the control group, as shown 
in Table 2. 

Some side effects were observed in Sorafenib group, including 
anorexia, unkempt appearance, weight loss or even death. 
Therefore, for the rest of the time the dosage of two Sorafenib 
groups was reduced to half of the initial dosage. In comparison, 
although animals in two HLC-080 groups also showed unkempt 
appearance and weight loss, none of them were dead during the 
treatment period. 

Compared with the control group, the mice treated with 95 and 
190 mg/kg of Sorafenib group inhibited tumor growth. The 



PLOS ONE | www.plosone.org 



3 



July 2014 | Volume 9 | Issue 7 | e101889 



Anti-Tumor Effect of Sorafenib Derivative HLC-080 



Table 1. 


The inhibition of HLC-080 and Sorafenib 


on the proliferation of various cancer cells. 






Cell lines 


Organs 


IC 50 (jiM) 








HLC-080 


Sorafenib 


U251 


Brain 


20.81 ±3.51 


33.24±5.23 


SH-SY5Y 


Brain 


45.36±5.24 


32.70±5.81 


MGC803 


Stomach 


15.68±3.95 


20.83 ±4. 18 


BGC823 


Stomach 


26.94±4.75 


37.26±5.41 


Ketr3 


Kidney 


7.96 ±2.07 


16.01 ±4.18 


HT-29 


Colon 


1.83+0.35 


9.37+1.18 


HCT-8 


Colon 


5.53 ±1.29 


18.27±3.52 


HCT-116 


Colon 


5.66 ±0.96 


12.93±2.89 


HepG2 


Liver 


4.1 0± 1.29 


17.03 ±3.42 


SMMC-7721 


Liver 


7.48 ±1.88 


16.40 ±3.63 


Bel7402 


Liver 


15.73±3.61 


12.59 ±3.49 


A549 


Lung 


27.64±4.77 


29.60 ±4.61 


A2780 


Ovary 


14.12±3.21 


22.04±3.63 


HELF 


Normal lung 


23.77±2.11 


25.53±2.51 



doi:1 0.1 371 /journal.pone.01 01 889.t001 



inhibitory rates at the end of the treatment were 58.63% and 61.84% rates were 35.80% and 33.04% respectively. All these data suggested 
(Table 2, P<0.001), respectively. On the other hand, for the groups that HLC-080 has satisfactory inhibition effect against H22 tumor 
upon HLC-080 treatment with 75 and 150 mg/kg, the inhibitory growth but with fewer side effects comparing to Sorafenib. 




CvnLDMSO U < It » tt A 1 I 4 t Cmit.DMSO ii j •<; ,) 05 1 2 t I 

Sorafenib (umolrL) HLC-080 (umol/L) Sorafenib(|imollL.) HLC-080 ((imolT.) 



Figure 2. The anti-proliferation effect of HLC-080 in colon cancer cells. The time-effect relationship of 2.5 |j,M HLC-080 and 2.5 uM Sorafenib 
on proliferation in HT-29 cell line (A).The effect of HLC-080 and Sorafenib on colony formation in human colon cancer cell lines. HT-29 (B), HCT-8 (C) 
and HCT-1 16 (D) cells were seeded in a 6-well plate. After 24 h, cells were treated with various concentrations of HLC-080 or Sorafenib. After 14 days 
of incubation, observe colony size and numbers by Giemsa stain and photograph each well. * P<0.05, ** P<0.01 , *** P<0.001 , compared with control 
group. 

doi:1 0.1 371 /journal.pone.01 01 889.g002 
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Table 2. The effect of HLC-080 and Sorafenib in H22 xenograft model in vivo. 







Group 


Dose (mmol/kg) 


IN*J. \Jl a II lllldld\ 11 } 


Duuy vvfcriyni vy/ 




Tumor weight (g) 


IR (%) 






Begin/End 


Begin 


End 






Control 




10/10 


18.16±0.79 


27.33±1.87 


3.09±0.42 




Sorafenib 


0.15x4d+0.075x4d 


10/10 


17.73 ±0.47 


26.29±2.18 


1.28±0.40*** 


58.63 




0.30x4d+0.15x4d 


10/5 


17.86±0.67 


25.02±3.02 


1.18±0.45*** 


61.84 


HLC-080 


0.15x8d 


6/6 


18.00±0.54 


25.85±2.07 


1.98±0.46*** 


35.81 




0.30 x8d 


6/6 


17.31 ±0.56 


26.56±2.54 


2.07±0.59*** 


33.04 



*** P<0.001, compared with control. 
doi:1 0.1 371 /journal.pone.01 01 889.t002 



Cell cycle arrest by HLC-080 

HLC-080 can inhibit the proliferation of HT-29, HCT-8 and 
HCT-116 colon cancer cells. Subsequently, we analyzed the cell 
cycle distribution of the HT-29 cells treated with either HLC-080 
or Sorfenib using Flow cytometry. As shown in Figure 3, after 
treatment with 2.5, 5, 10 LiM Sorafenib and 0.2, 1, 5 uJVI HLC- 
080 for 96 h, Sorafenib and HLC-080 exhibited an increase in the 
proportion of cells in G0-G 1 phase in a dose dependant manner, 
correspondingly with a decrease in the proportion of the cells in S 
and G2/M phase. These results suggested that the proliferative 
inhibition of HLC-080 was partially due to a Gl -phase arrest in 
HT-29 colon cancer cells. 

The effect of HLC-080 on vascular tube formation 

Angiogenesis is a crucial factor for colon cancer growth. One of 
the most widely used in vitro assay to model the formation of 
angiogenesis is known as the tube formation assay [22] . HLC-080 
was evaluated in the tube formation model in order to investigate 
its anti-angiogenic effect. 

We first tested the growth inhibition of HLC-080 on EA.hy926 
cells in order to dose properly in the vascular tube formation 
experiment. The IC 50 for HLC-080 against EA.hy926 is 
29.6±3.67 |iM at 24 h. We observed the vascular tube formation 
between 6 h to 24 h after plating as during this period the vascular 
tube forming process reached a maximum. We found that in the 
group of HLC-080 1.0 uM, EA.hy926 only formed a smaU 
number of short and incomplete tubes. At the same time point, 



IG1 HS DG2 



90.0 
80.0 
70.0 
J- 60.0 
^"50.0 
8 40.0 
£L 30.0 
20.0 
10.0 
0.0 





Control 



2.5 5 10 
Sorafenib (jjmol/L) 



0.2 1 5 
HLC-080 (umol/L) 



Figure 3. Sorafenib and HLC-080 induced cell cycle arrest at Gl 
phase. Cells were incubated with various concentrations of Sorafenib 
and HLC-080 for 96 h, cells were then harvested and stained with DAPI 
and analyzed by flow cytometry. Error bars indicate standard deviation. 
*p<0.05, **p<0.01, ***p<0.001, compared with control group. 
doi:1 0.1 371 /journal.pone.01 01 889.g003 



5.0 uJVI HLC-080 exhibited a significant effect on ***. After 24 h, 
the tubes began to disintegrate. In general, remarkable visual 
differences were observed between HLC-080 treated groups and 
the untreated groups (Figure 4). 

Reduction in the invasive potential of HT-29 colon cancer 
cells by HLC-080 

We investigated whether HLC-080 could reduce the HT-29 cell 
invasion using transwell assays. As shown in Figure 5, 1 .0 (lM and 
5.0 U.M of HLC-080 reduced the invasion ability in HT-29 cells, at 
the inhibition rate of 29.23% and 53.71%, respectively, compared 
with the control group. These data showed that HLC-080 does 
affect the invasive potential of colon cancer cells in vitro. 

The mode of actions of HLC-080 in HT-29 cell line 

Raf kinases are well-known as key regulators of the MEK/ERK 
cascade, and up-regulated signaling through the Raf/MEK/ERK 
pathway has an important role in various cancers [41,42,43]. In 
order to find out the mechanism responding for growth inhibition 
by HLC-080, we examined the expression level of Raf/MEK/ 




Figure 4. The effect of HLC-080 on EA.hy926 vascular tube 
formation. EA.hy926 were seeded on matrigel in 96-well plates at 
3x10 4 cells per well. The cells were mixed with different concentrations 
of HLC-080 and photographed at various time points, as described in 
the methods. (A) Control at 6 h showing EA.hy926 without additional 
stimuli. (B) HLC-080 1.0 added to EA.hy926, showing vascular tubes 
at 6 h. (C) HLC-080 5.0 uM added to EA.hy926, showing vascular tubes 
at 6 h. (D) Control at 24 h showing EA.hy926 without additional stimuli. 
(E) HLC-080 1.0 |iM added to EA.hy926 formed only a small number of 
short, incomplete tubes at 24 h (F) HLC-080 5.0 |tM added to EA.hy926, 
exhibited more significant effects at 24 h. 
doi:1 0.1 371/journal.pone.01 01 889.g004 
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Figure 5. The effect of HLC-080 on cell invasion in HT-29 cells. Cells were seeded in a transwell chamber and allowed to migrate across the 
chamber toward cell-specific conditioned medium for 24 h. Photomicrographies of stained migrating cells were taken under brightfield illumination. 
Representative images are shown for HT-29 control (A) and HT-29 disposed by HLC-080 1.0, 5.0 |tM (B, C). Quantification of the invasion is expressed 
as the number of invasive cells in five random microscopic fields per well (mean ± SD; ***p<0.001 versus control group cells) (D). Results were 
obtained from three separate experiments. 
doi:1 0.1 371 /journal.pone.01 01 889.g005 



ERK in HT-29 cell line by western blot. To detect the p-c-Raf 
(Ser259) expression in colon cancer cells, we performed the ELISA 
experiment. Both ELISA and western blot confirmed the presence 
of p-c-Raf (Ser259) in untreated HT-29 cells. 

Figure 6A showed that both 1.0 uM and 5.0 uM of HLC-080 
started to inhibit the p-c-Raf (Ser259) and p-MEK (Ser2 1 7/22 1) in 
HT-29 as early as at 2 h. After 72 h treatment with 0.2 uM and 
1.0 uM HLC-080the levels of p-c-Raf Ser259, p-MEKl/2 
(Ser2 17/221) and p-ERKl/2 (Thr202/Tyr204) remarkably 
decreased in HT-29 cells (Figure 6B). On the other hand, we 
found that 0.2 mM HLC-080 became more active against the HT- 
29 cells when the treatment time was elongated from 2 h to 72 h. 

We confirmed the effect of HLC-080 on key mediators in the 
Ras/Raf/MEK/ERK signaling pathway. To better understand 
how HLC-080 acted inside the cells, we also tested the inhibitory 
activity of them towards tyrosine kinase with Sorafenib used as a 
positive control. 

HLC-080 inhibited the p-c-Raf (Ser259) in the sub-micromolar 
concentration, with EC 50 values of 0.357 mM which was about 3- 
fold higher than that of Sorafenib (Table 3). This suggests that p-c- 
Raf might be the primary targets of HLC-080 inside the cells so 
that these anti-proliferation effects could be achieved. 

Discussion 

Colon cancer is one of the most common cancers in the world 
[1,3], and it has been estimated that 50,830 patients died from 



colon cancer in the United States in 2013 [1]. Current first line 
drugs for colon cancer chemotherapy cannot achieve a satisfing 
clinical result. In order to improve the quality of colon cancer 
chemotherapy, there is a need to call for more specific and 
effective drugs for the treatment of colon cancer. 

Preclinical studies suggest that Sorafenib, a known oral 
anticancer drug, can inhibit cancer cell proliferation and 
angiogenesis and subsequendy acts on tumors and tumor 
vasculature [10,23]. It is worth trying to apply Sorafenib as anti- 
colon cancer drugs. However, the pharmacological effect of 
Sorafenib and the targeted signaling pathway in colon cancer is 
not yet fully elucidated. Also, it is necessary to abolish or reduce 
the drug related-side effect of Sorfenib, such as, pruritus, rash/ 
desquamation and hypertension [18,24—27], before its clinical 
usage for the colon cancer treatment. 

We are attempting to develop a novel Sorafenib derivative as an 
anti-colon cancer drug with fewer side-effects. The chemical 
modification of Sorafenib has generated a new series of 
compounds with promising antitumor activities. One of them, 
HLC-080 was discovered and selected, to evaluate the effect of 
these Sorafenib derivatives on the inhibition of tumor cell growth 
and colony formation. 

Among 13 types of human cancer cells, HT-29, HCT-8, HCT- 
116 colon cancer cells were found to be more sensitive to HLC- 
080 than Sorafenib. Particularly, HLC-080 exhibited a stronger 
inhibitory effect against HT-29 colon cancer cells than Sorafenib 
with a time dependant manner. 
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Figure 6.The effect of inhibition of Raf/MEK/ERK pathway in 
HT-29 cells //7 wfro. (A) HT-29 cells were incubated with increasing 
concentrations of HLC-080 for 2 h. (B) HT-29 cells were incubated with 
increasing concentrations of HLC-080 for 72 h. Whole-cell lysates were 
subjected to western blot analysis. For western blot analysis, samples 
were transferred to a polyvinyldine diflouride membrane by semi-wet 
electrophoresis and incubated with indicated primary antibody p-c-Raf 
(Ser259), c-Raf, p-MEK1/2 (Ser217/221), MEK1/2, p-ERK1/2 (Thr202/ 
Tyr204), ERK1/2). Actin was used as loading and transfer control. The 
experiment was repeated twice and similar results were obtained. 
doi:1 0.1 371 /journal.pone.01 01 889.g006 

H22 HCC xenograft model was employed to evaluate the 
general in vivo anti-tumor activity of our compound HLC-080, 
One advantage of this model is that the ascitic-type liver cancer 
H22 can grow in many mouse strains with high invasiveness and 
metastasis. The facility and stability of the H22 tumor model made 
it one of the most commonest used tumor models in anti-tumor 
research [28,29]. 

In the previous study using the HCC xenograft model, 100 mg/ 
kg Sorafenib could significandy reduced tumor growthwith partial 
tumor regressions were observed in 50% of the mice [10,30]. Our 
results from Sorafenib are in agreement with those findings. HLC- 
080, on the other hand, not only inhibits tumor volume and weight 
but also demonstrates more significant effect than Sorafenib at the 
same dose (0.15 mmol/kg)... Sorafenib is hard to be absorbed in 
the gastrointestinal tract due to its poor water solubility [31], and 
HLC-080 has the same problem. For in vivo experiments, different 



Table 3. HLC-080 and Sorfenib inhibits p-c-Raf (Ser259) 


activities in vitro. 






Compound 


EC 50 (hM) 


HT-29 


HLC-080 


0.352±0.034 


Sorafenib 


0.957±0.039 



doi:1 0.1 371 /journal.pone.01 01 889.t003 



concentrations of HLC-080 and Sorafenib were suspended in 
0.5% CMC-Na, but all of them were hard to achieve a decent 
dissolution rate. We anticipate that the improved solubility and 
dissolution of HLC-080 in the salt formation will increase drug 
absorption and therefore enhances antitumor activities in vivo. 

Based on in vitro and in vivo anti-tumor activity of HLC-080 
provided in our experiments, we further conducted experiments to 
understand the possible mode of action of HLC-080 for the 
treatment of colon cancer. Angiogenesis is essential for solid tumor 
growth and metastasis. As a result, anti-angiogenesis became an 
attractive way against tumor [32-34]. We examined the anti- 
angiogenic effect of HLC-080 in vitro by observing, the tube 
formation in EA.hy926 cells A marked decrease in the area of tube 
growth was observed with only 1.0 uM of HLC-080.. Providing 
that low concentration of HLC-080 exhibits little cytotoxic effect, 
HLC-080 can serve as a safe angiogenesis inhibitor. 

According to recent reports [13,14,30,35], 5 — 10 uM of 
Sorafenib had been shown to be a therapeutically achievable 
concentrations in preclinical trials. Our results support those 
findings. Our studies revealed that both 1.0 jiM and 5.0 uM of 
HLC-080 can induce cell cycle arrest at Gl phase in HT-29 cells. 
At the same time, Sorafenib can regulate the cell cycle and 
decrease cell proliferation at 5.0 and 10 uM respectively. Since 
ERK is required for Gl/S transition through many aspects [36], 
we speculate that decreased level of p-ERK by HLC-080 may be 
attributable to cell cycle arrest at Gl phase in HT-29 cells. 

Previous study shows that more than 50% of colon cancer 
patients have metastatic and invasive tumor, so the treatment of 
invasive colon cancer faces various challenges. [3] The treatment 
of metastatic and invasive colon cancer usually involves chemo- 
therapy or combination therapy [2]. The results in our present 
study indicates that 5.0 uM HLC-080 can reduce the invasion 
ability in HT-29 cells, at the inhibition rate of 53.71%. It has been 
reported that specific blockage of ERK pathway in colon tumor 
cells could inhibit the cross-talk and motility which are required 
for metastasis and invasion [37]. Our results support those 
findings. Raf isoforms are on the top of Raf/MEK/ERK signaling 
and can activate serine/threonine kinase. Raf induced phosphor- 
ylation of MEK which in turn phosphorylates ERK/MAPKs. In 
this study, we show that HLC-080 inhibited the phosphorylation 
of c-Raf and therefore decrease the level of p-MEK and p-ERK. 
Some reports have suggested that in colon tumors, tumor growth 
inhibition correlated with a decrease in ERK phosphorylation 
[10,14]. And p-ERK as a biomarker support a role for Raf 
inhibition in the mechanism of action of Sorafenib in both HCC 
and colon cancer [7,30]. According to recent report, 10 — 20 uM 
of Sorafenib had been shown to decrease the level of p-ERK in 
HT-29 cells [38] Means that HLC-080 have a stronger inhibition 
effect than Sorafenib in colon cancer cells. Our findings suggested 
that inhibition of cell proliferation via Raf/MEK/ERK signaling 
pathway might be one of the mechanisms contributing to the 
effects of HLC-080 in colon cancer. 

Our study presented that HLC-080 is able to inhibit p-c-Raf 
(Ser259) with an EC 50 of 0.352±0.034 U.M. This finding supports 
that the biological effect of HLC-080 on HT-29 is related to the 
suppression of the Raf/MEK/ERK pathways. However, in this 
study the inhibition of HLC-080 towards p-c-Raf (Ser259) was 
evaluated using whole-cell lysates, the inhibition effect of HLC- 
080 can be further validated at the enzyme level. 

In conclusion, this study describes the biochemical and 
pharmacological activities of HLC-080, an inhibitor of Raf kinases 
with potential to block proliferation, inhibit angiogenesis and 
induce cell cycle arrest as well as prevent the invasion in colon 
cancer cells. The further analysis unveils that such effects might be 
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induced by blocking the Raf/MEK/ERK signaling pathways. 
Our findings highlight the promising utility of HLC-080 for colon 
cancer treatment, though the further investigation of HLC-080 in 
pre-clinical and/or clinical setting is requested. 

Acknowledgments 

We are grateful to Professor Guifang Cheng of this Institute for critical 
reading and amendment of the manuscript. We wish to thank Liwei Lang, 
Chao Li, Fei Niu, Peng Li and Xianqi Shao for their assistance. 

References 

1. Sicgcl R, Naishadham D, Jcmal A (2013) Cancer statistics, 2013. CA Cancer J 
Clin.63: 11-30. PubMcd: 23335087. doi:10.3322/caac.21166. 

2. Joudch J, Allen JE, Das A, Prabhu V, Farbaniec M, ct al (2013) Novel 
antineoplastics targeting genetic changes in colorectal cancer. Adv Exp Med 
Biol. 779:1-34. PubMed: 23288633. doi: 10.1007/978-l-4614-6176-0_l. 

3. Xu RH, Luo HY (2010) Advance in the research of target therapy for colon 
cancer. China Pharmacy 14:1254-1257. 

4. Li M, Gu J (2005) Changing patterns of colorectal cancer in China over a period 
of 20 years. WorldJ Gastroenterol 11:4685-4688. PubMed: 16094710. http:// 
www.wjgnet.com/1007-9327/ll/4685.asp. 

5. Yu M, Grady WM (2012) Therapeutic targeting of the phosphatidylinositol 3- 
kinase signaling pathway: novel targeted therapies and advances in the treatment 
of colorectal cancer. Therap Adv Gastroenterol. 5:319—337. PubMed: 
22973417. doi: 10.1177/1756283X12448456. 

6. Dent P (2013) Multi-kinase modulation for colon cancer therapy. Cancer Biol 
Thcr. 14:877-878. PubMcd: 24025253. doi: 10.4161/cbt.26176. 

7. Al-Marrawi MY, Saroya BS, Brcnnan MC, Yang Z, Dykes TM, ct al. (2013) 
Olf-labcl use of cctuximab plus sorafenib and panitumumab plus regorafenib to 
personalize therapy for a patient with V600E BRAE-mutant metastatic colon 
cancer. Cancer Biol Thcr. 14:703-710. PubMed: 23792568 doi: 10.4161/ 
cbt.25191. 

8. Nelson VM, Benson AB (2013) Status of targeted therapies in the adjuvant 
treatment of colon cancer. J Gastrointest Oncol. 4:245-252. PubMcd: 
23997937. doi: 10.3978/j.issn.2078-6891.2013.035. 

9. Zhou AP, Sun Y (2006) Recent advances in sorafenib: A multiple targeted and - 
tumor agent. Oncology Progress, 4:529-533. 

10. Wilhclm SM, Adnanc L, Newell P, Villanucva A, LJovct JM, ct al. (2008) 
Preclinical overview of sorafenib, a multikinase inhibitor that targets both Raf 
and VEGF and PDGF receptor tyrosine kinase signaling. Mol Cancer Ther, 
7:3129-3140. PubMed: 18852116. doi: 10.1 158/15.35-7163.MCT-08-0013. 

11. Olsen SK, Brown RS, Sicgel AB (2010) Hepatocellular carcinoma: review of 
current treatment with a focus on targeted molecular therapies. Therap Adv 
Gastroenterol. 3:55-66. PubMcd: 21 180590. doi: 10.1 177/1756283X09346669. 

12. Kudo M (2012) Signaling pathway/molecular targets and new targeted agents 
under development in hepatocellular carcinoma. World J Gastroenterol. 
18:6005-6017. PubMed: 2.3155330. doi: 10.3748/wjg.vl8.i42.6005. 

13. Tang K, Li Y, Chen XG (201 1) Advance in the research of sorafenib,a multiple 
targeted antitumor agent. Chinese Journal of New Drugs, 20:2434-2441. 

14. Wilhelm SM, Carter C, Tang L, Wilkie D, McNabola A, ct al. (2004) BAY 43- 
9006 exhibits broad spectrum oral antitumor activity and targets the RAT/ 
MEK/ERK pathway and receptor tyrosine kinases in volved in tumor 
progression and angiogenesis. Cancer Res. 64:7099-7109. PubMed: 
15466206. doi: 10. 1 158/0008-5472.CAN-04-1443 

15. Yu C, Bruzck LM, Meng XW, Gores GJ, Carter CA, ct al. (2005) The role of 
Mel- 1 downrcgulation in the proapoptotic activity of the multikinase inhibitor 
BAY 43-9006. Oncogene, 24:6861-6869. PubMed: 16007148. doi:10.1038/ 
sj .one. 1208841. 

16. YoonJH, Werneburg NW, Higuchi H, Canbay AE, Kaufmann SH, ct al. (2002) 
Bile acids inhibit Mcl-1 protein turnover via an epidermal growth factor 
rcceptor/Raf-1 -dependent mechanism. Cancer Res, 62:6500-6505. PubMed: 
12438243. http://cancerrcs.aacrjournals.org/content/62/22/6500. 

17. Chaparro M, Gonzalez Moreno L, Trapero-Marugan M, MedinaJ, Moreno- 
Otero R, et al. (2008) Review article: pharmacological therapy for hepatocellular 
carcinoma with sorafenib and other oral agents. Aliment Pharmacol Ther, 
28:1269-1277. PubMed: 18808443. doi: 10. 1 1 1 1/j. 1365-2036.2008.03857.X. 

18. Clark JW, Edcr JP, Ryan D, Lathia C, Lcnz HJ (2005) Safety and 
pharmacokinetics of the dual action Raf kinase and vascular endothelial growth 
factor receptor inhibitor BAY 43-9006 in patients with advanced, refractory 
solid tumors. Clin Cancer Res, 11:5472-5480. PubMcd: 16061863. doi: 
10.1158/1 078-0432.CCR-04-2658. 

19. Luo W, Wang X, Zheng L, Zhan Y, Zhang D, et al (2013) Brucinc suppresses 
colon cancer cells growth via mediating KDR signalling pathway. J Cell Mol 
Med. 17:1316-1324. PubMed: 23905676. doi: 10. 1 1 1 1 /jemm. 12108. 

20. Ahluwalia A, Jones MK, Budnik TM, Tarnawski AS (2013) VEGF and colon 
cancer growth beyond angiogenesis: Does VEGT directly mediate colon cancer 
growth via a non-angiogenic mechanism? Curr Pharm Dcs. In press PubMed: 
23755727. 



Author Contributions 

Conceived and designed the experiments: KT YL HHH XGC. Performed 
the experiments: KT CL YL CSL WQZ. Analyzed the data: KT YL. 
Contributed reagcnts/matcrials/analysis tools: WQZ. Wrote the paper: 
KT YL HHH XGC. 



21. Rcimann M, Folprecht G, Haase R, Trautmann K, Ehninger G, et al. (2013) 
Anti-Vascular endothelial growth factor therapy impairs endothelial function of 
retinal microcirculation in colon cancer patients - an observational study. Exp 
Transl Stroke Med. 5:7. PubMed: 23668549 doi: 10.1186/2040-7378-5-7. 

22. Davis GE, Sengcr DR (2005) Endothelial extracellular matrix: biosynthesis, 
remodeling, and functions during vascular morphogenesis and neovessel 
stabilization. Circ Res. 97:1093-1 107. PubMed: 16306453. doi: 10.1161/ 
01.RES.0000191547.64391.c3. 

23. Wilhelm S, Chicn DS (2002) BAY 43-9006: preclinical data. Curr Pharm Dcs, 
8:2255-2257. PubMcd: 12369853. doi: 10.2174/1381612023393026. 

24. Wilhclm S, Carter C, Lynch M, Lowingcr T, Dumas J, ct al. (2006) Discovery 
and development of sorafenib: a multikinase inhibitor for treating cancer. Nat 
Rev Drug Discov, 5: 835-844. PubMcd: 17016424. doi:10.1038/nrd2130. 

25. Ratain MJ, Eiscn T, Startler WM, Flaherty KT, Kaye SB, et al. (2006) Phase II 
placebo-controlled randomized discontinuation trial of sorafenib in patients with 
metastatic renal cell carcinoma. J Clin Oncol, 24:2505-2512. PubMcd: 
16636341. doi: 10. 1200/JCO.2005.03.6723. 

26. Strumberg D, Richly H, Hilgcr RA, Schlcuchcr N, Korfce S, ct al. (2005) Phase 
I clinical and pharmacokinetic study of the Novel Raf kinase and vascular 
endothelial growth factor receptor inhibitor BAY 43-9006 in patients with 
advanced refractory solid tumors. J Clin Oncol, 23: 965—972. PubMed: 
1561 3696. doi: 10.1 200/JCO.2005.06. 1 24. 

27. Moore M, Hirtc HW, Siu L, Oza A, Hottc SJ, ct al. (2005) Phase I study to 
determine the safety and pharmacokinetics of the novel Raf kinase and VEGFR 
inhibitor BAY 43-9006, administered for 28 days on/7 days off in patients with 
advanced, refractory solid tumors. Ann Oncol. 16:1688—1694. PubMcd: 
16006586. doi: 10.1093/annonc/mdi310. 

28. Xu YF, Zhu LP, Hu B, Rong ZG, Zhu HW, et al. (2007) A quantitative method 
for measuring the antitumor potency of recombinant human endostatin in vivo. 
Eur J Pharmacol, 564:1-6. PubMcd: 17346697. doi:10.1016/j.cjphar.2007. 
01.086. 

29. Yao Z, Lu R, Jia J, Zhao P, Yang J ct al. (2006) The effect of tripeptide 
tyroscrleutidc (YSL) on animal models of hepatocarcinoma. Peptides, 27:1167— 
1172. PubMcd: 16129512. doi:10.1016/j.peptides.2005.02.026. 

30. Liu L, Cao Y, Chen C, Zhang X, McNabola A, et al. (2006) Sorafenib blocks the 
RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces tumor cell 
apoptosis in hepatocellular carcinoma model PLC/PRF/5. Cancer Res 
,66:11851-11858. PubMed: 17178882. doi: 10. 1 158/0008-5472.CAN-06-1377. 

31. Wang XQ, FanJM, Liu YO, Zhao B.Jia ZR, ct al. (2011) Bioavailability and 
pharmacokinetics of sorafenib suspension, nanoparticlcs and nanomatrix for oral 
administration to rat. Int J Pharm. 419:339-346. PubMcd: 21843612. doi: 
10. 1016/j.ijpharm.201 1.08.003. 

32. Komorowski J, Jerczyhska H, Siejka A, Barahska P, Lawnicka H, et al. (2006) 
Effect of thalidomide affecting VEGF secretion, cell migration, adhesion and 
capillary tube formation of human endothelial EA.hy 926 cells. Life Sci, 78: 
2558-2563. PubMcd: 16310808. doi:10.1016/j.lfs.2005.10.016. 

33. Wu D, Gao Y, Chen L, Qi Y, Kang Q, ct al. (2010) Anti-tumor effects of a novel 
chimeric peptide on SI 80 and H22 xenografts bearing nude mice. Peptides, 
31:850-864. PubMed: 20132854. doi: 10.1016/j.peptides.2010.01.007. 

34. Yuan F, Qin X, Zhou D, Xiang QY, Wang MT, ct al. (2008) In vitro cytotoxicity, 
in vivo biodistribution and antitumor activity of HPMA copolymer-5-fluorouracil 
conjugates. Eur J Pharm Biopharm, 70:770-776. PubMed: 18656539. doi: 
10.1016/j.ejpb.2008.06.028. 

35. Pignochino Y, Grignani G, Cavalloni G, Motta M, Tapparo M, et al. (2009) 
Sorafenib blocks tumour growth, angiogenesis and metastatic potential in 
preclinical models of osteosarcoma through a mechanism potentially involving 
the inhibition of ERK1/2, MCL-1 and ezrin pathways. Mol Cancer, 8:118 
PubMed: 20003259. doi: 10.1186/1476-4598-8-118. 

36. Melochc S, Pouysscgur J (2007) The ERK1/2 mitogen-activated protein kinase 
pathway as a master regulator of the Gl- to S-phase transition. Oncogene. 
26:3227-3239. PubMed: 17496918. doi:10.1038/sj.onc.l210414. 

37. Guruvayoorappan C, Kuttan G (2008) Amcntollavone inhibits experimental 
tumor metastasis through a regulatory mechanism involving MMP-2, MMP-9, 
prolyl hydroxylase, lysyl oxidase, VEGF, ERK-1, ERK-2, STAT-1, NM23 and 
cytokines in lung tissues of C57BL/6 mice. Immunopharmacol Immunotoxicol. 
30 :71 1-727 PubMed: 18686102. doi: 10.1080/08923970802278276. 



PLOS ONE | www.plosone.org 



8 



July 2014 | Volume 9 | Issue 7 | e101889 



Anti-Tumor Effect of Sorafenib Derivative HLC-080 



38. Dahut WL, Scripture C, Posadas E, Jain L, Gullcy JL, ct al. (2008) A phase II 
clinical trial of sorafenib in androgcn-indcpendcnt prostate cancer. Clin Cancer 
Res. 14:209-214. PubMed: 18172272 doi: 10.1 158/1078-0432.CCR-07-1355. 

39. Huang D, Ding Y, Li Y, Zhang W, Fang W, et al. (2006) Cancer Lett. 233:289- 
296. PubMed: 16154686. doi:10.1016/j.canlet.2005. 03.019. 

40. Mo S, Wang S, Zhou G, Yang Y, Li Y, ct al. (2004) J Nat Prod. 67:823-828. 
PubMed: 15165144. doi:10.1021/np030505d. 

41. Li QL, Gu FM, Wang Z, JiangJH, Yao LQ, et al. (2012) Activation of PI3K/ 
AKT and MAPK pathway through a PDGERR-depcndent feedback loop is 
involved in rapamyein resistance in hepatocellular carcinoma. PLoS One, 
7:e33379. PubMed: 22428038. doi: 10.1371/journal.pone.0033379. 



42. Min L, He B, Hui L (201 1) Mitogen-activatcd protein kinases in hepatocellular 
carcinoma development. Semin Cancer Biol, 21:10-20. PubMed: 20969960. 
doi: 10.10 1 6/j.scmcanccr.20 10.10.011. 

43. GollobJA, Wilhclm S, Carter C, Kcllcy SL (2006) Role of Raf kinase in cancer: 
therapeutic potential of targeting the Raf/MEK/ERK signal transduction 
pathway. Simin Oncol, 33:392-406. PubMed: 16890795. doi:10.1053/j.scmi- 
noncol.2006.04.002. 

44. Luo C, Tang K, Li Y, Yin DL, Chen XG, ct al. (2013) Design, synthesis and in 
vitro antitumor evaluation of novel diaryl urea derivatives bearing sulfonamide 
moiety. Sci China Cham, 56: 1564-1572. doi: 10.1007/sl 1 426-0 13-4903-z. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e101889 



